Abstract Glioblastoma, also known as glioblastoma multiforme (GBM), is the most recurrent and malignant astrocytic glioma found in adults. Biologically, GBMs are highly aggressive tumors that often show diffuse infiltration of the brain parenchyma, making complete surgical resection difficult. GBM is not curable with surgery alone because tumor cells typically invade the surrounding brain, rendering complete resection unsafe. Consequently, present-day therapy for malignant glioma remains a great challenge. The location of the invasive tumor cells presents several barriers to therapeutic delivery. The blood-brain barrier regulates the trafficking of molecules to and from the brain. While high-grade brain tumors contain some Bleakiness^in their neovasculature, the mechanisms of GBM onset and progression remain largely unknown. Recent advances in the understanding of the signaling pathways that underlie GBM pathogenesis have led to the development of new therapeutic approaches targeting multiple oncogenic signaling aberrations associated with the GBM. Among these, drug delivery nanosystems have been produced to target therapeutic agents and improve their biodistribution and therapeutic index in the tumor. These systems mainly include polymer or lipid-based carriers such as liposomes, metal nanoparticles, polymeric nanospheres and nanocapsules, micelles, dendrimers, nanocrystals, and nanogold. Photodynamic therapy (PDT) is a promising treatment for a variety of oncological diseases. PDT is an efficient, simple, and versatile method that is based on a combination of a photosensitive drug and light (generally laserdiode or laser); these factors are separately relatively harmless but when used together in the presence of oxygen molecules, free radicals are produced that initiate a sequence of biological events, including phototoxicity, vascular damage, and immune responses. Photodynamic pathways activate a cascade of activities, including apoptotic and necrotic cell death in both the tumor and the neovasculature, leading to a permanent lesion and destruction of GBM cells that remain in the healthy tissue. Glioblastoma tumors differ at the molecular level. For example, gene amplification epidermal growth factor receptor and its receptor are more highly expressed in primary GBM than in secondary GBM. Despite these distinguishing features, both types of tumors (primary and secondary) arise as a result dysregulation of numerous intracellular signaling pathways and have standard features, such as increased cell proliferation, survival and resistance to apoptosis, and loss of adhesion and migration, and may show a high degree of invasiveness. PDT may promote significant tumor regression and extend the lifetime of patients who experience glioma progression.
Introduction Glioma
Glioma is a common type of primary tumor of the central nervous system (CNS) in adults. According to the World Health Organization (WHO), glioma is classified into four grades: pilocytic astrocytoma (grade I), low-grade astrocytoma (grade II), anaplastic astrocytoma (grade III), and glioblastoma multiforme (GBM) (grade IV), where increasing grade number is associated with increased malignancy and aggressiveness (Kleihues and Cavenee 2000) .
Because of the complexity of the brain and its central role in maintaining homeostasis in an organism, secondary symptoms of gliomas, both neurological and non-neurological, affect patients over the course of the disease, such as by causing epilepsy, confusion, personality change, vision problems, hearing, locomotor, cardiorespiratory change, and other effects. With increased severity, pulmonary embolism and thrombosis may occur, leading to patient death (Pytel and Lukas 2009) . Moreover, gliomas rarely metastasize (Van Meir et al. 2010) .
In recent years, improvements in diagnostic techniques (such as magnetic resonance imaging and computed tomography) have led to an increase in the number of new cases diagnosed with glioma and other neoplastic diseases observed in CNS tumors (Van Meir et al. 2010 ). This has also led to the development of new treatment strategies. Another important factor affecting the emergence of new cases is exposure to environmental factors (risk factors) that may cause the development of not only brain tumors, but also other types of tumors (Preston-Martin 1996) . The WHO's glioma classification is based on molecular and epidemiological data of the tumor (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) . Thus, the classification of gliomas is described using three parameters: cellular type, tumor location, and malignancy degree.
Glioma: classification

Cellular type
Cell types are classified based on histological characteristics according to the phenotypic similarity of cancer cells and different types of glial cells (support cells and functional support CNS). According to their morphology, gliomas are classified as astrocytomas, oligodendrogliomas, and ependymomas. It is also possible to detect the development of Bmosaic^tumors that present characteristics of both astrocytomas and oligoastrocytomas-these are known as oligoastrocytomas ( Fig. 1) and may be present at low prevalence in glioblastoma.
According to the WHO, gliomas, astrocytoma, and oligodendroglioma account for approximately 90% of cases of GBM. In addition to histological differences, types of cancer cells also show different therapeutic sensitivities and are associated to different patient prognoses. Each type is divided into subtypes that are histologically defined from the classification based on malignancy and tumor development.
Tumor location
Clinically, gliomas are rated based on their location, which relies on a membranous structure that defines the brain cerebellum, the cerebellum tentorium (or Broof^cerebellum). Thus, gliomas can be classified as supratentorial because they develop above the tentorium (in the brain), which accounts for 70% of gliomas in adults, and as infratentorial because they develop below the tentorium (cerebellum) (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) .
Tumor malignancy
The malignancy scale ranges from grade I (low-grade, slow growing, and likely to require eventual surgical removal) to grade IV (high-grade, highly aggressive growth, and a recurrence rate rarely amenable to surgical resection). The WHO rating of glioma tumor malignancy is as follows (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) : (not anaplastic, state of dedifferentiation and cell pleomorphism, with high-capacity multiplication of cells, common for highly malignant tumors) and slow growth. Grade I tumors are typically found in children.
Low-grade gliomas have five subtypes:
i. Diffuse astrocytoma: most common; mostly affects adults aged 30-40 years; slow but diffuse growth, enabling surgical removal ii. Pilocytic astrocytoma: found nearly exclusively in individuals under the age of 25 years; the main characteristic is slow progression; typically encapsulated and fully removable by surgery iii. Oligodendroglioma: second-most common type of lowgrade glioma; grows slowly iv. Gangliogliomas: glioneuronal tumor (mixed gliomas, time pilocytic astrocytoma, and neuronal cells); affects individuals aged 20-30 years and develops mainly in the temporal lobe; surgically removable with excellent prognosis for patients v. Mixed glioma: typically shows characteristics of diffuse astrocytoma and oligodendroglioma; behaves similarly to diffuse astrocytomas.
Low-grade gliomas are not benign, but patients with these gliomas do have a better prognosis than those with high-grade tumors. Patients with grade II tumors, for example, have a mean survival of 5-8 years compared to 12-14 months survival for patients with grade IV tumors. The symptoms presented by patients depend on the location of the tumor and the rate of tumor development. However, early symptoms include convulsive seizures followed by psychomotor disorders, such as headaches, nausea, and vomiting. Secondary symptoms are treated pharmacologically. The primary therapy against tumors is based on surgical resection followed by radiation therapy and chemotherapy according to each individual case and tumor type. On rare occasions low-grade gliomas grow to become encapsulated, making complete surgical resection difficult. Additionally, depending on the region of tumor growth, surgical approaches may not be feasible. In such cases, chemotherapy and radiotherapy are used as primary therapies (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) .
2) High-grade gliomas: tumors typically are undifferentiated or anaplastic, show high proliferation, are resistant to therapy, and have a poor prognosis. The two most common and aggressive subtypes are anaplastic astrocytoma (grade III) and glioblastoma multiforme (grade IV).
i. Anaplastic astrocytoma: these tumor types are diffusely infiltrative, focal, anaplastic sound, and dispersed. They have a high proliferative index and are defined histologically by nuclear atypia and pronounced mitotic activity.
Patients survive for a median of 3 years (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) . ii. Glioblastoma multiforme: type of astrocytoma accounting for over 70% of high-grade gliomas diagnosed. It is also the most aggressive type of primary brain tumor (grade IV) (Brat et al. 2007; Fuller and Scheithauer 2007; Louis et al. 2007; Nakazato 2008) .
Glioblastoma multiforme (GBM)
There are two main theories regarding cells that give rise to glioblastoma. The first proposes that glioblastomas are derived from mature glial cells (astrocytes and oligodendrocytes) that undergo mutations in oncogenes and tumor suppressor genes, leading to cell dedifferentiation and tumor development ( Fig. 2a ) (Maher et al. 2001) . The second and most accepted theory suggests that these tumors originate from progenitor cells that undergo transformation events during development ( Fig. 2b ) (Van Meir et al. 2010) . Such cells, upon oncogenic transformation, become tumor-initiating cells (Singh et al. 2004) . GBM can develop quickly without clinical, radiological or morphological evidence of a less malignant precursor tumor or it may grow from healthy glial cells or their precursors, known as primary GBM. Secondary GBM arises progressively from low-grade astrocytomas, which are less common than primary GBMs (Collins et al. 2005) . Glioblastoma tumors differ at the molecular level. The Bmultiforme^term refers to the different conditions under which the same phenotype may result from mutations in different subsets of genes.
Histological and tumor characteristics of GBMs
Glioblastoma are extremely aggressive tumors that are resistant to conventional therapies used to treat other tumor types (Krakstad and Chekenya 2010) . The main cellular/histological characteristics that cause high malignancy are the presence of an excess of cells (hypercellularity), wide cytomorphologic and architectural tumor diversity (cellular pleomorphic), unusual appearance of cell nuclei (nuclear atypia), uncontrolled cell division (large numbers of mitotic cells), and formation and differentiation of blood vessels (angiogenesis) (Fig. 3) . GBM tumors are highly proliferative and show a pattern of multifocal growth (do not form a single solid mass, but rather form multiple tumors scattered throughout the tissue), abruptly generating several symptoms in patients.
GBM cells also show intrinsic apoptosis and radiation resistance, and thus proapoptotic anticancer therapies often fail to induce tumoral regression (Furnari et al. 2007; Van Meir et al. 2010) . Accordingly, these cells have been shown to be more sensitive to therapies that induce other mechanisms of cell death, such as autophagic processes, senescence, and mitotic catastrophe (Van Meir et al. 2010) .
Genetic alterations in GBMs
Amplification of the epidermal growth factor receptor (EGFR) was the first genetic modification described in most GBM tumors (Libermann et al. 1985) . However, amplification of the EGFR gene with consequent elevation of EGFR expression is more prominent in primary glioblastoma than in secondary glioblastoma (Nicholas et al. 2006 ).
In 1989, karyotypic studies and loss of heterozygosity identified tumor suppressor loci on chromosomes 9, 10, and 17 (James et al. 1989 ). These changes were later found to target the tumor suppressor gene TP53, located on chromosome 17, which monitors DNA damage, modulates apoptosis, controls cell cycle dynamics, and allows for repair of cells from injury or triggers cell death mechanisms (Rao and James 2004) . Inactivation of the TP53 tumor suppressor gene occurs more frequently in secondary glioblastoma than in primary glioblastoma. However, primary glioblastoma shows a higher amplification of the murine double minute 2 gene MDM2. The protein MDM2 binds to TP53 and controls cell growth mediated by the p53 protein. Two other targets modified in GBMs and showing high significance were reported in 1993 and 1997, including the progression inhibitor of the cell cycle and tumor suppressor PTEN, which encodes the homologous proteins phosphatase and tensin. These genes were identified as tumor suppressor genes that are lost on chromosomes 9 and 10, respectively (Van Meir et al. 2010 ). The complete deletion or heterozygous loss on chromosome 10 or mutations in the tumor suppressor gene PTEN are more common in primary glioblastoma than in secondary glioblastoma.
The last common genetic alteration in GBM was described in 2008. Genes encoding isocitrate dehydrogenase 1 (IDH1) are mutated in low-grade gliomas and a group of GBMs (Dang et al. 2009 ). Mutations in IDH1 have an indirect oncogenic effect by activating a transcription factor induced by hypoxia (HIF1), allowing for metabolic adaptation of tumor cells under hypoxic and nutrient deprivation conditions (Jansen et al. 2010) .
GBMs are classified as primary (originating from astrocytic cells or progenitor cells) or secondary (originating from tumor grade astrocytomas II and III) based on the process of gliomagenesis and signaling pathways that are altered in the tumor cells (Fig. 4) . Several genetic changes occur in the progression of diffuse astrocytomas and events, such as EGFR gene amplification, and overexpression occurs in approximately 40-60% of primary glioblastomas, which are rare events in the progression of secondary glioblastomas (Ohgaki and Kleihues 2007) . In 2005, the pilot project Atlas of Cancers Genome [The Cancer Genome Atlas (TCGA); http://tcga.cancer.gov] was initiated, the largest such project developed to date. Because of the available high-efficiency and low-malignancy therapies, GBM was among the first tumor types analyzed by the TCGA. In 2008, the first set of data obtained by TCGA was published on GBMs (McLendon et al. 2008) . Based on these data, cell death and three proliferation control pathways were found to be modified in GBMs, explaining more than 90% of the sources of these tumors. Specifically, the receptor tyrosine kinase/RAS/PI3K pathway was altered in 88% of GBMs, the p53 protein pathway was altered in 87% of GBMs, and the retinoblastoma protein (Rb) pathway was altered in 77% of GBMs.
Based on these results, primary and secondary gliomas share genetic alterations, but with some differences in the frequency at which they occur. Primary glioblastomas exhibit amplification of EGFR and a 36% mutation rate in the tumor suppressor gene PTEN in 25% of cases, while only 25% of primary tumors contain mutations in the tumor suppressor protein p53. This tendency changes in secondary GBMs: only 8% of cases show EGFR amplification, 4% have mutations in PTEN, and 65% show changes in TP53 (Van Meir et al., 2010) . Distinctive features of both tumor types (primary and secondary) that arise from the deregulation of many intracellular signaling pathways and their common features, particularly increased cell proliferation, survival, and resistance to apoptosis and loss adhesion and migration, which may reveal a high grade of invasiveness (Merlo 2003; Wachsberger et al. 2012; Zahonero and Sánchez-Gómez 2014) .
Prognosis and therapy
Compounds for the treatment of gliomas have been studied since the 1980s. Among these compounds are efficient chemotherapeutics for other types of solid tumors, such as cisplatin, carmustine, and lomustine ( Kaup et al. 2001; Kim et al. 2004; Natsume et al. 2008; Jiguet Jiglaire et al. 2014; Pastwa et al. 2014) , as well as modulators of the immune system, cell metabolism and proliferation (EGFR), and angiogenesis [vascular EGFR (VEGFR)] (Atkins et al. 2015) . However, none of these compounds effectively increased survival or improved patient prognosis, and they are no longer used as primary therapies for GBMs. Additionally, unlike other tumor types, the prognosis for patients with GBM has changed little in the last 10 years.
Grade IV tumors exhibit marked characteristics that include excessive proliferation, necrosis, genetic instability, and chemoresistance (Furnari et al. 2007 ). Because of these characteristics, GBMs are difficult to treat and have a poor prognosis with an average survival of less than 1 year (Collins et al. 2005) .
The first breakthrough for the treatment of GBMs occurred after approval of the chemotherapy agent temozolomide in 2003, an alkylating agent which increased the survival of patients by 12-15 months (Stupp et al. 2005) . The difficulties of processing GBMs are multifactorial and related to our current lack of understanding of disease resistance to drugs and ionizing radiation in addition to the blood-brain barrier (Kanu et al. 2009 ). Current treatment is based on a protocol developed by Stupp et al. (2009) , which consists of surgical Ohgaki and Kleihues (2007) resection of the tumor, if possible, followed by radiotherapy (60 Gy typically in 2-Gy fractions) and concomitant chemotherapy with temozolomide (75 mg/m 2 for 42 days). Thus, GBMs are often considered by oncologists as difficult to treat (Almeida et al. 2015; Missios et al. 2015; Tran and Rosenthal 2010) .
Photodynamic therapy
Photodynamic therapy (PDT) is a treatment modality that employs a combination of light, a photosensitive drug, and molecular oxygen present in cells; when used independently these components do not exhibit toxicity to the body (Torchilin 2005; Somani et al. 2010; Lin et al. 2015) . The treatment of skin tumors by PDT consists of first administering the drug, followed by irradiation with a monochromatic laser at the maximum absorption wavelength of the photosensitive drug, which is typically in the red region of the electromagnetic spectrum (Lin et al. 2015) .
The primary objective of PDT is to induce the death of tumor tissue through a photosensitization process that will reduce tumor mass, while minimizing damage to surrounding tissue and possible side effects. These are the main advantages of PDT compared to the other classical treatments against cancer, such as chemotherapy, radiotherapy, and surgery. In the last decade, an increasing number of studies has examined PDT because of its recognition by the U.S. Food and Drug Administration as an effective therapy for the treatment of various diseases, including cancer (Retèl et al. 2009; Chen et al. 2013; Fan et al. 2014; ) .
Photosensitization occurs in a cell when a drug associated with the plasma membrane enters the cytosol passively by diffusion or osmosis or actively by active transport or endocytosis (Castano et al. 2004) . PDT is based on photooxidative reactions in which a photosensitive drug, following excitation by light at an appropriate wavelength, causes the drug to change from its ground state (S 0 ) to the first excited singlet state (S 1 ), followed by intersystem crossing that leads to the triplet state (T 1 ) according to the Jablonski diagram (Lakowicz and Masters 2008) .
Photoactivation can promote the irreversible destruction of tumor tissue in three main ways: (1) production of reactive oxygen species (ROS) which directly cause the death of tumor cells by apoptosis and/or necrosis; (2) antivascular effects that can cause bleeding and thrombosis of tumor vessels, leading to the death of cancer cells by deprivation of oxygen and nutrients; (3) activation of an immune response against tumor cells by acute inflammation processes and the release of cytokines into the tumor, resulting in an influx of macrophages and leukocytes that may contribute to tumor destruction and stimulate the immune system to recognize and eliminate cancer cells (Ficheux 2009; Karioti and Bilia 2010; Ormond and Freeman 2013) .
The mechanisms of PDT action are classified into Type I and Type II (Castano et al. 2004 ) and result from a combination of physical phenomena (light interaction with the molecule), chemical events (production of ROS), and biological aspects (tumor destruction) (Plaetzer et al. 2003) . The Type I mechanism involves hydrogen atom abstraction or electron transfer reactions between the excited states of the photosensitive drug and a biological substrate, resulting in the production of free radicals and radical ions. These radicals are highly reactive to molecular oxygen-generating superoxide anions or hydroxyl radicals that cause irreparable damage to the tumor tissue (Plaetzer et al. 2003) . The Type II mechanism involves energy transfer between the excited triplet state of the photosensitive drug and molecular oxygen, generating the first excited state of oxygen, singlet oxygen ( 1 O 2 ). This reactive molecule damages various cellular structures, such as by breaking genomic DNA and disrupting the plasma membrane, lysosomes, and mitochondria (Kübler et al. 2005; Wong et al. 2007; Ficheux 2009 ).
In vitro studies (de Paula et al. 2013 (de Paula et al. , 2015 ) using nanoemulsion as a drug delivery system combined with a photosensitizer and PDT in a biological model of human glioblastoma cells were conducted by our group. Anaplastic astrocytoma (grade III) and glioblastoma (grade IV) cells (U343 and U87MG) were incubated with a chloroaluminum-phthalocyanine nanoemulsion (NE/ClAlPc: 0.5 μM) for 3 h. Activation of the photosensitizer delivered intracellularly by the NE was achieved by laser excitation of ClAlPc at 670 nm; subsequent cell death was measured by cell viability assays using the Giemsa method (Fig. 5) .
U343 and U87MG cell lines were subjected to three treatments: (1) NE/ClAlPc in the absence of sunlight (dark assay), (2) sunlight at a dose of 700 mJ/cm 2 in the absence of NE/ ClAlPc, or (3) sunlight at doses of 100, 200, and 700 mJ/cm 2 , respectively, in the presence of NE/CIAIPc (NE/CIAIPc-PDT). After 3 h of incubation and after 48 h of treatment, the accumulation of NE/ClAlPc with PDT in U343 cells showed cell death rates of 85, 70, and 50% in the presence of sunlight at doses of 100, 200, and 700 mJ/cm 2 , while U87MG cells showed cell death rates of 75, 45, and 30 compared to the dark assay (Fig. 5) .
These data indicated that while NE/ClAlPc-PDT efficiently induced cell death in U343 and U87MG cells, NE/ClAlPc in the absence of sunlight light (dark assay) as well as the presence of sunlight at a dose of 700 mJ/cm 2 in the absence of NE/ClAlPc alone did not cause such cytotoxicity. The cytotoxic effects observed after PDT with different doses of treatments represents not only decreased cell proliferation, but also cell death based on the percentage of apoptotic cells after labeling with annexin-V. The assay was performed within 48 h after treatment with two doses of sunlight, 100 (L1) and 700 (L2) mJ/cm 2 (Fig. 6 ). For both doses, cells showed significant apoptosis rates (p < 0.05) following treatment (PDT) compared to cells that were only incubated with NE/ ClAlPc (Ctrl-D). After 48 h of treatment, annexin-V staining increased by two-to threefold for the L1 and L3 treatments (U343 cells: 9.6 and 18%; U87MG cells: 12.8 and 15%) relative to the Ctrl-D treatment (darkness).
These results support the premise that combined drug delivery systems (DDS) and PDT are feasible for treating all grades of glioblastoma but that photosensitizers (ClAlPc) under proper DDS may address all tumor cells.
Drug delivery system
The effectiveness of a therapeutic device against cancer is measured by its ability to reduce and eliminate tumors without harming healthy surrounding tissue. The ultimate goal of cancer treatment is to increase survival and the quality of life of the patient. Thus, increasing local specificity and internalization may improve the effectiveness of treatment and patient adherence to treatment as well as reduce the possibility of common side effects experienced during traditional therapies. For a drug to be effective against a tumor, some physiological and biochemical barriers must be overcome, such as tumor drug resistance, distribution, biotransformation, and drug inactivation in the body (Lim et al. 2013; Almeida et al. 2014) .
The cellular mechanisms of drug resistance include changes in the activities of specific enzyme systems involved in the regulation of apoptosis and transport mechanisms. One of these changes is the development of multiple drug resistance (MDR) (Tada 2007; Bae et al. 2011; del Burgo et al. 2014) . MDR is a generic term used to define strategies adopted by cancer cells to inhibit the effects of conventional anticancer drugs; such strategies can be intrinsic or acquired during treatment (Jabr-Milane et al. 2008; del Burgo et al. 2014) . MDR is multifactorial and may result in decreased intracellular accumulation of an antitumor substance, thereby preventing it from entering cancer cells at effective concentrations. This resistance mechanism of drug efflux occurs outside of cells, mainly because of overexpression of a transport protein known as P-glycoprotein, which nonspecifically carries several molecules outside of the cell or to other cell compartments (Persidis 1999; Wager et al. 2011; Rubenstein and Rakic 2013; Abdallah et al. 2015) .
Nanoparticulate systems offer the mean to improve cancer therapy because they provide local specificity, the ability to avoid MDR, and an efficient means to release of anticancer drugs. A series of nanoparticulate systems are currently being explored for the treatment of cancer. These materials were designed to promote specific release at the tumor site. For example, hydrophobic surfaces can be used to enhance circulation time and to positively charge surfaces to enhance endocytosis (Oh et al. 2009; Bolfarini et al. 2014) .
Nanoparticles used in studies against cancer include dendrimers (Primo et al. 2008; Nishiyama et al. 2009 ), liposomes (Siqueira-Moura et al. 2013 Bolfarini et al. 2014) , nanoparticulate polymer, micelles, protein nanoparticles, ceramic nanoparticles, viral nanoparticles, metal nanoparticles (de Paula et al. , 2015 , and carbon nanotubes . Statistical analysis was performed by two-way analysis of variance followed by Tukey's test. Statistical significance was set at *p < 0.05. All data are expressed as the mean ± standard error of the mean of three independent experiments ( N i s h i y a m a e t a l . 2 0 0 9 ; S p e n c e r e t a l . 2 0 1 5 ) . Functionalization of these systems can be used to create a stealth surface opsonization, bind plasma proteins, and increase circulation time, thereby avoiding the particle removal from the blood circulation by the reticuloendothelial system. Additionally, tumor tissues exhibit limited diffusion because of their rapid and uncontrolled cell proliferation. This limited spreading mainly affects the nutrition, excretion, and oxygenation of the tumor tissue. Incomplete vascularization of the tumor interstitial space results in the formation of tumors ranging in size from 100 nm to 1 μm, which are easily permeated by nanoparticles. A combination of poor vascularity and poor lymphatic drainage results in increased retention and permeation, which provides selective retention release by tumor nanoparticulate systems (Krasnici et al. 2003) .
The development of DDS has been proposed as an excellent strategy for overcoming cellular resistance mechanisms and improving the selectivity of the drug for cancer cells while also reducing side effects (Chatterjee et al. 2008; Primo et al. 2008 Primo et al. , 2012 de Paula et al. 2013 de Paula et al. , 2015 Bolfarini et al. 2014 ). These systems are also responsible for the stability of unstable cytotoxic compounds in a biological medium (Niziolek et al. 2003; Tada 2007) . Lipid DDS, such as liposomes (Macaroff et al. 2005; Molnar et al. 2007; Sadzuka et al. 2008; Tapajós et al. 2008 ) and nanoparticle lipids significantly reduce drug scattering throughout the body and increase its concentration in tumor tissues (Chatterjee et al. 2008; Jabr-Milane et al. 2008; Bolfarini et al. 2012 Bolfarini et al. , 2014 de Paula et al. 2012) .
Nanoemulsions (NEs) are colloidal systems (Fig. 7 ) in which the internal phase is a dimensionally restricted microenvironment with specific properties that can connect to or associate with molecules of different polarities, acting as spherical aggregates with diameters of <1000 Å (de Oliveira et al. 2004; Primo et al. 2008) . According to the pharmaceutical industry, NEs can be defined as emulsions that are typically transparent in which an oil or a lipophilic drug is dispersed in an aqueous medium containing a surfactant, with or without a cosurfactant, generating a thermodynamically stable system (Fig. 8) .
Confocal studies conducted by our laboratory using two cell cultures of anaplastic astrocytoma and glioblastoma (U343 and U87MG) facilitated the precise subcellular localization of ClAlPc in the designed DDS. U343 and U87MG cells internalized NE/ClAlPc after incubation for 3 h at 37°C (Fig. 9) . Subsequent analysis revealed that NE/ ClAlPc-PDT is predominantly localized at the cytoplasmic level with a homogenous distribution. Cellular uptake of NE as a nanocarrier was also observed in mesenchymal stem cells (de Paula et al. 2015) and in the tissue of human glioblastomas (Trylcova et al. 2015) . Muehlmann et al. (2014) also found that ClAlPc internalization was concentrated in the cytosol of cancerous and non-cancerous cells. These results also reinforce the use of PDT for treatment of late-stage GBM.
These findings indicate the potential of a multifunctional DDS associated with PDT for targeting malignant tumor cells, mainly glioblastomas, and reducing photosensitizer cytotoxicity within the surrounding milieu.
Photosensitive drugs: phthalocyanines
In recent years, research in the field for PDT has focused on development studies and the administration and biodistribution of possible candidates for photosensitive drugs employable in the photochemical-therapeutic treatment of tumor tissue (Saavedra et al. 2014; Lucky et al. 2015) . Tumoral photosensitive drugs typically show high chemical purity, a high coefficient of molar extinction in the red region (620-650 nm) of the electromagnetic spectrum, a low tendency to aggregate in aqueous medium, high quantum yield of singlet oxygen and other ROS, good selectivity, fast absorption into the body with low or complete absence of toxicity in the dark, minimum accumulation in the skin, and the absence of mutagenic potential (Rosenthal and Ben-Hur 1995) .
First-generation photosensitive drugs included derivatives of hematoporphyrin compounds (Yang et al. 2013; Ren et al. 2014) . However, the low selectivity towards neoplastic tissue and weak absorption in the red region have led to the development of new molecules. Second-and third-generation photosensitizers include phthalocyanine, chlorins, and bacteriochlorins. Among second-generation compounds, phthalocyanines have received particular attention because of their strong absorption band in the range of 600-800 nm or in the absorption range known as the Btherapeutic window^, Fig. 7 Model representative of the structure of a colloidal particle of a nanoemulsion of oil and water as this spectral range the light penetrates tissue in the absence of interference from endogenous chromophores in a biological system (Sharman et al. 1999) .
The absorption spectrum of phthalocyanines is formed by a surface set of bands known as the B-bands (or Soret band) and Q-bands, which are in the ultraviolet region or ultraviolet radiation (300-350 nm) and sunlight light region (UV-VIS) (600-700 nm) (Siqueira-Moura et al. 2010 . The chemical structure of phthalocyanine mimics that of porphyrins, with a central macrocycle consisting of a cyclic tetrapirrólica unit (Siqueira-Moura et al. 2010) . However, in pyrrolic phthalocyanines, the subunits are joined by hydrogen atoms, whereas porphyrin subunits are linked via a methylene bridge (Nonell et al. 1995; Lo et al. 2008) . The phthalocyanine macrocycle is extended by a combination of pyrrolic units composed of four benzene rings, resulting in a strong absorption band in the red region of the sunlight spectrum (650-680 nm). Complexation of phthalocyanines with diamagnetic metal ions, such as Zn 2+ and Al
3+
, produces a complex with a long lifetime in the excited singlet and triplet states, good quantum yield, and excellent photochemical and photodynamic activities (Idowu and Nyokong 2007) .
Among the metal phthalocyanines, ClAlPc presents the best photophysical characteristics, with a long lifetime in the excited state and high quantum yield of singlet oxygen; it also shows good selectivity for tumor tissue and has a low toxicity (Rosenthal 1991) . However, the primary factor limiting the use of ClAlPc in PDT is its significant hydrophobicity, which renders it impossible to administer in the physiological environment. To overcome this problem, substantial efforts have been directed towards the development of DDS using nanotechnology (Konan et al. 2002 ).
An increasing number of studies have examined the association between DDS and PDT, mainly to better understand the mechanism and biology of cancer through the gene expression of distinct signaling pathways that are critical to tumor development and progression. Many of these signaling pathways involve EGF. EGFR signaling has been found to be important in the pathogenesis of many cancers, particularly glioblastoma, and many tumor types show overexpression or abnormal activity of EGFR (Libermann et al. 1985; Mellinghoff et al. 2005; Zahonero and Sánchez-Gómez 2014) , leading to the unregulated growth of cells and their malignant transformation.
EGFR is overexpressed or mutated in approximately 60% of primary glioblastomas, but in only 8% of secondary glioblastomas (Nicholas et al. 2006) , suggesting that activation of EGFR is linked to tumorigenesis in primary GBMs. The increased expression of this receptor may result from gene amplification, increased translation, or both (Huang et al. 2009 ). EGFR overexpression in primary GBMs is occasionally accompanied by increased secretion of its ligands. For example, many glioma cells produce EGF and transforming growth factor alpha, which activates EGFRs in an autocrine manner, resulting in deregulated signaling via EGFR (Ekstrand et al. 1991) . The binding of EGF-like molecules to the extracellular domain of the receptor induces activation and subsequent formation of homo-or heterodimers. Tyrosine residues in the intracellular domain of a receptor are phosphorylated cross-members on the other dimer, recruiting cellular signaling proteins that bind to them and propagating the signal (Yarden 2001; Yarden and Sliwkowski 2001) . The main pathways activated by these receptors, PI3K/Akt and Ras/MAPK, are involved in oncogenesis (Nicholas et al. 2006) (Fig. 10) .
Expression analysis of genes involved in the EGF pathway is expected to reveal several possible associations between the expression profiles of glioblastoma lines in tumor progression. This will increase our understanding of cancer biology and lead to developments that can be used to treat patients more efficiently and with reduced side effects. Further studies of drug delivery associated with PDT systems should be performed, particularly in vivo, to consolidate new alternatives for therapeutic procedures in cancer treatment.
Future prospects
Careful monitoring of GBM patients, particularly by neuroimaging, is essential for providing optimal care and conducting high-quality clinical trials. The introduction of new therapies targeting angiogenesis and affecting vascular permeability, as well as radiotherapy and immunotherapies that produce Bpseudoprogression,^have complicated the assessment of response and progression.
Nanomedicines associated with nanoparticles have emerged as potential tools for the delivery of molecules into the brain and can overcome problems associated with current strategies. Nanoparticles can serve as targeted delivery devices for novel therapies, including PDT, gene therapy, radiotherapy, anti-angiogenic therapy, and thermotherapy. The results of our previous studies clearly demonstrate the potential of nanoparticles to play key roles in the diagnosis and imaging of brain tumors by revolutionizing both pre-operative and intraoperative brain tumor detection, allowing for early detection of pre-cancerous cells and providing real-time, longitudinal, non-invasive monitoring/imaging of treatment effects. A combination of nanotechnology, tissue engineering, and photoprocessing will be essential for supporting Regenerative Medicine of the twenty-first century. Additional efforts should focus on developing biomaterial systems that are uniquely capable of delivering tumorassociated antigens and immunotherapeutic agents or programming immune cells in situ to facilitate immunemediated tumor cell killing. . Genes: AKT1, AKT2, AKT3: RAC-alpha serine/threonine-protein kinase, EFGR: epidermal growth factor receptor, MAP2K1: mitogen-activated protein kinase kinase 1, MAP2K4: mitogen-activated protein kinase kinase 4, MAP3K1: mitogen-activated protein kinase kinase kinase 1, MAPK1: mitogen-activated protein kinase 1, MAPK3: mitogen-activated protein kinase 3, MAPK8: mitogen-activated protein kinase 8, MAPK9: mitogenactivated protein kinase 9, NFKB1: nuclear factor NF-kappa-B p105 subunit, PIK3C2B: phosphatidylinositol-4-phosphate 3-kinase C2 domain-containing beta polypeptide, PIK3CA: phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit alpha, PIK3CB: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit beta isoform, PIK3CD: phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit delta isoform, PIK3R1: phosphatidylinositol 3-kinase regulatory subunit alpha. Statistical significance was set at *p < 0.05
The volume of residual tumor after surgical resection also appears to be a significant adverse prognostic factor for the recurrence of high-grade glioma, and complete tumor resection may be the next logical step in managing these locally malignant cancers. It is essential that the bulk of the tumor be removed and that the post-resection cavity is treated by PDT. PDT-associated surgical resection may be particularly suitable because improved local control can result in increased survival. The goals of developing synergic nanoparticles combining chemotherapeutic agents and photoactive compounds are the same as those of DDS. Phthalocyanine and its derivative molecules, as well as third-generation dyes, are the most commonly used photosensitizers in brain tumors. Several photosensitizers have been tested, but these are not currently licensed for treating brain tumors in most countries, and their use in brain tumors is off-label on an individual patient basis. PDT is effective because photosensitizers are preferentially taken up and retained by brain tumor cells. Many new methods of light delivery are also being actively studied.
Studies aim to develop tools for early diagnosis which play an essential role in every stage of brain tumors PDT, from disease detection to treatment planning, dosimetry, therapy monitoring, and outcome assessment. As demonstrated in in vivo models, imaging (anatomic, functional, and metabolic) combined with PDT offers the potential to revolutionize therapeutic strategies for brain tumors. Clinical imaging before the use of PDT appears to be an essential step in therapeutic planning. The functional information gathered through such pretreatment imaging is important for treatment planning, light delivery, and treatment dose assessment.
